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The structure and properties of the 1:1 superlattice of LaVO3 and SrVO3 are investigated with a first-
principles density-functional-theory-plus-U (DFT+U ) method. The lowest energy states are antiferromagnetic
charge-ordered Mott-insulating phases. In one of these insulating phases, layered charge ordering combines
with the layered cation ordering to produce a polar structure with nonzero spontaneous polarization normal to
the interfaces. This polarization is produced by electron transfer between the V3+ and V4+ layers, and is com-
parable to that of conventional ferroelectrics. The energy of this polar state relative to the nonpolar ground state
is only 3 meV per vanadium. Under tensile strain, this energy difference can be further reduced, suggesting that
the polar phase can be induced by applied electric field, yielding an antiferroelectric double-hysteresis loop. If
the system does not switch back to the nonpolar state on removal of the field, a ferroelectric-type hysteresis loop
could be observed.
PACS numbers: 73.21.Cd, 75.25.Dk, 77.55.Px
The investigation of novel mechanisms for ferroelectricity
has attracted much interest in recent years, especially in the
search for ferroelectrics with properties, such as ferromag-
netism, that are contraindicated by the mechanism driving fer-
roelectricity in the prototypical perovskite titanates [1]. One
approach, proposed by Khomskii [2, 3] is to combine two
symmetry-breaking orderings, neither of which separately lift
inversion symmetry, to generate a switchable polar structure
[4]. The specific orderings discussed by Khomskii are site-
centered charge ordering and bond-centered charge ordering.
Ferroelectricity and multiferroelectricity induced by charge
order have been proposed and reported in various magnetites,
manganates, and charge transfer organic salts [2, 3, 5]. In
some of these materials, the polarization is dominated by the
electron transfer producing the charge order rather than by
ionic displacements, leading to the term “electronic ferroelec-
tricity.” [6–8]
In perovskite transition metal (TM) oxide
(ABO3)n(A′BO3)m (001) superlattices, the layered cation
ordering lowers the symmetry from cubic to tetragonal and
breaks up-down symmetry across BO2 layers. Control of
the TM d-orbital occupancy through choice of A cations and
layer thicknesses to obtain a mixed valence leads to charge
disproportionation and long-range charge ordering [9–12].
As we will discuss further below, layered charge ordering
breaks the up-down symmetry across the AO and A′O layers.
Thus, the combination of these two symmetry-breaking
orderings (TM site-centered charge ordering and layered
cation ordering) can generate a switchable polar structure
with polarization normal to the layers.
A 1:1 superlattice composed of LaVO3 and SrVO3 is a
promising candidate for this type of charge-order-induced
ferroelectricity. The low temperature phases of orthorhom-
bic LaVO3 and cubic SrVO3 are antiferromagnetic Mott-
insulating and correlated metallic, respectively [9, 13–15].
When they form the 1:1 superlattice, the average valence of
the vanadium has a fractional value of +3.5. Due to the strong
on-site Coulomb interaction, the Mott-insulating state with
charge, orbital, and magnetic order would be preferred where
the vanadiums disproportionate so that half of the vanadium
cations have nominal valence V3+ and the other half V4+
[16, 17].
In this paper, we use first-principles total energy calcula-
tions to investigate the low-energy charge-ordered phases of
the (LaVO3)1(SrVO3)1 superlattice. We show that there are
three competing low-energy phases with distinct charge-order
patterns, one of which is a layered charge ordering, and an-
alyze the density of states and local structure. The epitaxial
strain dependence of the relative energies is computed. For
the polar structure generated by the layered charge order, we
compute and discuss the spontaneous polarization normal to
the layers, and predict the stabilization of this phase by an
applied electric field.
We performed first-principles density-functional-theory
calculations with the generalized gradient approximation plus
U (GGA+U ) method using the Vienna ab-initio simulation
package [18, 19]. The Perdew-Becke-Erzenhof parametriza-
tion [20] for the exchange-correlation functional and the rota-
tionally invariant form of the on-site Coulomb interaction [21]
are used with U = 4 eV and J = 0.6 eV for the vanadium d
states and Uf = 11 eV and Jf = 0.68 eV for the La f states
to shift the La f bands away from the Fermi energy [22]. We
used the projector augmented wave method [23] with an en-
ergy cutoff of 600 eV and k-point sampling on a 4 × 4 × 4
grid with a 2 × 2 × 2 unit cell chosen to accommodate the
relevant octahedral rotation distortions and charge-order pat-
terns. The ferroelectric polarization was calculated using the
Berry phase method [24] with 6× 6× 4 k-point grid.
To determine the lowest-energy crystal structures and mag-
netic orderings of the 1:1 superlattice shown in Fig. 1(a), we
first observe that with average valence +3.5, the vanadium
ions are expected to disproportionate to V3+ and V4+. Each
valence state drives a corresponding Jahn-Teller distortion of
its coordinating oxygen octahedron [25, 26]. As shown in
Fig. 1 (b), the d1 occupation for V4+ favors a uniaxial con-
traction of the octahedron, while the d2 occupation for V3+
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FIG. 1. (Color online) (a) Atomic arrangement in the
(LaVO3)1/(SrVO3)1 superlattice. (b) The Jahn-Teller distortions and
t2g level splittings for V4+ (left) and V3+ (right).
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FIG. 2. (Color online) Schematics of the charge-order patterns for
(LaVO3)1/(SrVO3)1 superlattice. For descriptive purposes the oc-
tahedral rotations and tilts are omitted and the Jahn-Teller distor-
tions are exggerated. The left, middle, right panels denote the
checkerboard-type charge order with the (pi, pi, pi) ordering vector,
the stripe charge order with the (0, pi, pi) ordering vector, and the
layered charge order with the (0, 0, pi) ordering vector, respectively.
favors a uniaxial elongation [9], with each site having fully
spin-polarized electrons.
Given the 1:1 ratio of V3+ to V4+, we considered three cell-
doubling charge-order patterns compatible with Jahn-Teller
distortions along the z axis, illustrated in Fig. 2. In checker-
board charge ordering (CCO), which is the most common
ordering in transition metal perovskite oxides [27], all the
nearest-neighbor B sites of V4+ are V3+ and vice versa. In
stripe charge ordering (SCO), the nearest-neighbor B sites of
V4+ (V3+) are V4+ (V3+) in the x direction and V3+ (V4+)
in the y and z directions, forming a 2D y-z checkerboard with
vanadium ions of a given valence forming lines along the x-
direction. In layered charge ordering (LCO), planes of V4+
and V3+ alternate along the z-direction. Finally, we followed
the stacking method [28] to identify the oxygen octahedron
rotation patterns of starting structures. Specifically, since bulk
SrVO3 has the cubic perovskite structure and bulk LaVO3
has an orthorhombic Pbnm structure with a a−a−c+ rota-
tion pattern [13, 14], we imposed the latter rotation pattern in
two inequivalent orientations: one with the c axis along the
z-direction (c oriented) and the other with the c axis along the
x-direction (ab oriented).
For each starting structure, we fully relaxed the lattice con-
stants and atomic positions for each magnetic ordering. All
relaxed structures are found to be insulating with a band gap
larger than 1 eV. In all cases, the relaxed lattice has orthorhom-
bic symmetry with lattice vectors close to cubic; for exam-
ple, the lattice constants for LCO with C-AFM ordering are
a = 5.65 A˚, b = 5.62 A˚, and c = 7.83 A˚ for the 20 atom
cell; full structural and energetic information is given in the
Supplementary Material. The energy difference between the
two oxygen octahedron rotation patterns for a given charge
and magnetic ordering is found to be small compared to the
charge and magnetic ordering dependence; in what follows,
we discuss c-oriented patterns. Fig. 3 shows the total energies
for the various magnetic orderings of each charge ordering
pattern. The C-AFM ordering has the lowest energy for all
three patterns, though for the CCO phase, the total energies of
A-AFM and FM ordering are very close to that of C-AFM. It
is remarkable that the energy differences between the lowest
energy CCO, LCO, and SCO phases are quite small, with SCO
computed to be lower in energy than LCO by only 3 meV per
vanadium.
FIG. 3. (Color online) Total energy versus the charge ordering and
magnetic ordering patterns. The symbols G, C, A, and FM represent
the type of magnetic ordering of V-cations illustrated in the right
column.
The densities of states (DOS) of the superlattice in CCO,
SCO, and LCO phases with C-AFM ordering are shown in
Fig. 4 (a). Consistent with the small energy difference be-
tween the phases, they are almost identical, the largest differ-
ence being in the occupied dxy states, with a sharp peak for
SCO and a slightly broader distribution for CCO and LCO.
The effect of the Jahn-Teller distortion can be seen from the
projected density of states (PDOS), shown here for the LCO
pattern (again, the corresponding PDOS for the other two
phases are almost identical except for the occupied dxy states
as noted above). For the contracted octahedron (panel (b))
the occupied V-derived t2g states have xy orbital character
with full spin-polarization with xz/yz states lying about 1.5
eV above the Fermi energy. For the elongated octahedron
(panel (c)), the xz and yz orbitals are occupied with empty
xy states. The site-projected magnetic moment for the con-
tracted and elongated octahedra are 1.02µB and 1.78µB , re-
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FIG. 4. (Color online) (a) Density of states of CCO (black solid
line), SCO (red dashed line), and LCO (blue dotted line) phases with
C-AFM ordering. The positive and negative sign of the vertical axis
correspond to spin up and down states. The shaded (from -6 eV to
-1.15 eV) and unshaded regions (from -1.15 eV to 5 eV) are oxy-
gen p- and vanadium d-derived states, respectively. (b-c) PDOS of
V-derived t2g states for the LCO phase with C-AFM ordering. (b)
PDOS of the contracted octahedron (V4+) with spin up polarization.
(c) PDOS of the elongated octahedron (V3+) with spin up polariza-
tion.
spectively. Since the occupied d-states are fully spin polar-
ized, the site-projected magnetic moments are close to the
d-occupancy, which supports the nominal V4+/V3+ valence
states.
In Fig. 5 we compare the V-O bond lengths of the V3+ and
V4+ octahedra of the three charge ordering patterns with C-
AFM magnetic ordering. The in-plane bond lengths are close
to equal in each case, with elongation and contraction in the
z-direction for V3+ and V4+ octahedra, respectively, corre-
sponding to the expected Jahn-Teller distortions. For each va-
lence state, the shape of the octahedron is almost independent
of the charge ordering pattern, suggesting that the distortion is
a strongly local effect.
Next, we consider the symmetry and electric polariza-
tion of the various phases. The layered cation ordering in
the 1:1 superlattice lowers the cubic symmetry of the ideal
perovskite structure to tetragonal P4/mmm (#123). A c-
oriented oxygen octahedron rotation pattern, combined with
the layered cation ordering, produces a Pmb21 (#26) struc-
ture with a small in-plane electric polarization resulting from
non-cancellation of alternating A and A′ in-plane displace-
ments [11, 29]; the computed value for the systems consid-
ered here is close to 4 µC/cm2 (see supplementary material).
A CCO charge ordering pattern lowers the symmetry further.
The resulting P21 (#4) space group contains a reflection in
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FIG. 5. (Color online) Distance between V and neighboring O atoms
of V 4+ and V 3+ cations compared for CCO, SCO, and LCO phases.
The q+ and q− (q = x, y, z) denote the oxygen positions along the
q-axis in the positive and negative direction, respectively.
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FIG. 6. (Color online) Total energy per vanadium as a function of
epitaxial strain. The total energy is obtained with tetragonal unit
cell where all the atomic position except in-plane lattice constants
are fully relaxed. The zero strain is defined as the average lattice
constant of the bulk LaVO3 obtained from the GGA+U calculation.
z (x¯, y + 12 , z¯) and thus the out-of-plane polarization is zero
by symmetry. The SCO charge ordering in the Pmb21 (#26)
structure results in the space group Pa (#7) which contains
a reflection in z (x + 1/2, y, z¯) and thus has zero out-of-
plane polarization. In contrast, LCO charge ordering results
in the space group Pb (#7) with (x¯, y + 12 , z), which allows
a nonzero polarization along z. We obtain the spontaneous
polarization of the LCO phase by comparing the polarization
change between two symmetry variants related by the oper-
ation (x¯, y + 1/2, z¯). Assuming the change arises primarily
from uniform transfer of electrons from V3+ to V4+, an es-
timate with a linearized expression for the polarization using
nominal valences for the ions gives 29 µC/cm2 for the trans-
fer across the LaO plane and 22 µC/cm2 across the SrO plane.
The corresponding values obtained by Berry phase computed
with an appropriate branch choice are 34 and 17 µC/cm2, re-
4spectively.
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FIG. 7. (Color online) (a) Total energy per vanadium (blue solid
line) and band gap (red dashed line) as a function of the interpolation
parameter λ. The atomic arrangement of SCO phase (λ = 0) is
linearly interpolated to that of LCO phase (λ = 1). (b) Magnetic
moments of V cations vs λ. The symbols represent the position of
V-cations defined in Fig. 2.
The epitaxial strain dependence of the energies of the SCO
and LCO phases with C-AFM magnetic ordering is shown in
Fig. 6. We find that the energy difference increases with com-
pressive strain, while for tensile strain above 1%, it is close to
zero. This suggests that in films under tensile strain, the polar
LCO phase could be induced by an applied electric field, and a
antiferroelectric double hysteresis loop could be observed. It
is also possible that if the polar phase does not switch back to
the nonpolar phase on removal of the field, the system would
exhibit a pseudo-ferroelectric hysteresis loop.
To investigate the energetics of the coupling between
charge ordering and crystal structure, we computed the en-
ergy, band gap, and magnetic moments for structures obtained
from a linear interpolation between the SCO (λ = 0) and the
LCO (λ = 1) phase at 1% tensile strain, with results shown in
Fig. 7. Along the path starting from each endpoint phase, the
energy increases smoothly and the band gap decreases from
about 1.5 eV down to a minimum of 0.55 eV. At about the
midway point, there is a pronounced cusp in the energy, with
a calculated energy barrier along this path of about 55 meV
per vanadium. On each side of the cusp, there is little change
in the magnetic mo ents of the V cations at B1 and B2 po-
sitions (Fig. 2), which we take as indicators of their charge
state. As the cusp is crossed, the B1 and B2 magnetic mo-
ments exchange. This suggests that the charge disproportion-
ation drives the structural relaxation, rather than vice versa.
The first-principles results presented here shown that in the
(LaVO3)1/(SrVO3)1 superlattice, a layered charge-ordering
pattern combines with the symmetry breaking by cation layer-
ing to produce a low-energy polar phase with a substantial po-
larization, comparable to that of the prototypical ferroelectric
BaTiO3. While this polar phase is not the predicted ground
state, its energy is low enough so that it can be stabilized by an
applied electric field. We note that the computed energy dif-
ferences between the various charge order patterns considered
are much smaller than the classical electrostatic energy dif-
ferences between corresponding arrangements of 3+ and 4+
point charges in a fixed compensating background. This sug-
gests that there is substantial screening by the other charges
in the system, for example by charge rearrangement in the
apical oxygens, which are shared by 3+ and 4+ centered oc-
tahedra in all the arrangements considered here. These low
energy differences also suggest that while the tendency for
the vanadiums to disproportionate into V3+ and V4+ is very
strong, the critical temperature for long range charge order in
the ground-state nonpolar phase should be very low, while the
system can be easily ordered into the polar phase by applica-
tion of an electric field. The energy relative to the nonpolar
phases, and therefore the critical electric field, can be lowered
in thin films under tensile strain.
The large spontaneous polarization of the layered phase
arises from electron transfer from V3+ to V4+ ions that trans-
forms one symmetry variant of the polar phase into the other.
A branch choice corresponding to minimal rearrangement of
charges and ions has been established as a good predictor of
the measured switching polarization for known ferroelectrics
[30]. The present case is unusual in that two equally minimal
rearrangements (electron transfer across the LaO plane and
across the SrO plane) give values for the spontaneous polar-
izations that differ by more than a factor of two. These and
other subtleties of the polarization will be further discussed
elsewhere [31].
The stabilization of a polar phase by the combination of
cation layering and layered charge ordering is expected to
operate in other transition metal oxide superlattices, the key
ingredient being stable multiple valence states with an aver-
age valence controlled by the A cations and a mechanism for
screening the electrostatic energy differences of the relevant
point charge arrangements. First-principles high-throughput
searches should be useful in identifying promising candidate
systems for further theoretical and experimental investigation.
In summary, we predict a charge-order-driven polar phase
in the 1:1 superlattice composed of perovskite oxides, LaVO3
and SrVO3. We find three low-energy antiferromagnetic
Mott-insulating states with distinct charge ordered patterns;
the SCO and CCO phases with zero out-of-plane polarization
and the LCO phase with a sizable out-of-plane polarization.
We find that the out-of-plane spontaneous polarization of the
polar phase is comparable to that of conventional ferroelec-
tric perovskite oxides and is much larger than in other charge-
order-driven ferroelectrics. It can be understood as a transfer
of electrons between V ions in the transformation between up
and down polarization states. The energy difference between
the polar phase and ground-state nonpolar phase is small and
can be controlled by (001) epitaxial strain. This suggests that
the polar phase can be induced by an applied electric field and
that the critical field will decrease under tensile strain. Such
phases are expected also to occur in other layered superlattices
with transition metal ions stable in multiple valence states.
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